It is believed that the power sector, particularly hydroelectric power, contributes to a very high consumption of fresh water in terms of evaporation from storage reservoirs. Robust methods of water footprint (WFP) assessment will eventually help in the pricing of water and energy. Conventionally, WFP for hydropower plants is estimated by dividing the gross/net evaporation losses by power generation. This approach is highly biased when it comes to a small hydropower plant connected to a large reservoir. In this study, a two-pronged subjective-objective method is suggested for a reservoir with primary functions of power generation and downstream water release. The objective part is concerned with giving weight to the evaporation loss proportional to the water use while the subjective part is concerned with refining this by considering the real time reservoir operation conditions and taking into account the recommendations of the decision making authorities. The effect of timescale in WFP analysis is also studied and conclusions are drawn. Thumb rules for WFP estimation are evolved which will aid in such analysis. The implementation of the proposed methodology for any reservoir system is recommended using LabVIEW platform.
Introduction
Water is a finite natural resource. Rapid development and population growth have increased the demand for fresh water but its availability is limited, while in some regions the water consumption rates have crossed the sustainable limit creating unequal access to water. Non-availability of fresh water resulting from deterioration of water quality, lowering of ground water table and water depletion is the major issue of concern throughout the world. Moreover, the global climate change may be intensifying the problem because of changes in rainfall patterns and prolonged drought periods.
There is a growing concern on preserving freshwater resources. It is argued that hydroelectricity (as is also the case with other traditional electricity sources such as nuclear power and fossil fuels) contributes to very high consumption of fresh water by means of evaporation losses from the reservoir surfaces (Gerbens-Leenes et al., 2009) . Prior to the Intergovernmental Panel on Climate Change (IPCC) report on renewable energy, water footprint (WFP) studies concerning water consumption by hydroelectric plants have been very limited (Edenhofer et al., 2012) . Conventionally, blue WFP for hydropower plants is defined as gross evaporation from the reservoir divided by the annual power production . estimated the blue WFP of hydroelectricity for 35 selected sites and showed that WFP of hydroelectricity is greatly influenced by the area flooded per unit of the installed capacity. It is also recommended that WFP assessment should form a mandatory part of evaluations of new proposed hydroelectric plants as well as the existing ones while evaluating environmental and economic sustainability.
However, Bakken et al. (2013) have questioned the appropriateness of the calculation method used in estimation of WFP by and by many others in the field (Herath et al., 2011; Martin, 2012) as an oversimplistic approach with a number of shortcomings that might possibly give a biased picture of water consumption by hydropower plants, resulting in a reputational risk for the sector. Of the three different methods of estimating the water consumption, the gross consumption method (evaporation from reservoir divided by annual power production) is most widely used. Bakken et al. (2013) point out that this method is controversial when seen from the perspective of a small hydropower plant using a small percentage of stored water in a larger reservoir. On the other hand, for reservoirs situated in arid or semi-arid regions, the evaporation prior to dam construction is limited. Bakken et al. (2013) emphasized the importance of giving consideration to the setting of spatial boundaries in the assessment of WFP as often hydropower systems are quite complex and the flow regulations may have many beneficiary uses downstream when compared to a simple system consisting of a single hydropower plant attached to a reservoir. Bakken et al. (2013) suggest that a good methodology should account for water use by multiple water users. In the most simplistic approach, a random percentage of reservoir evaporation can be allocated to power production such as 100, 50 or 33% depending on whether power production is for primary, secondary or tertiary purposes (Mekonnen et al., 2015) . The work reported by Zhoa & Liu (2015) gives a more scientifically sound approach to estimate WFP based on 'allocation coefficient' which is calculated as the ratio of economic value of hydroelectricity to the total economic value of all ecosystem services of the reservoir. The essential emphasis given in the approaches suggested by Mekonnen et al. (2015) as well as by Zhoa & Liu (2015) is to arrive at an appropriate allocation coefficient. When it comes to small reservoirs, it is not possible to distinctly define the priority of the purpose which might change on a monthly or even daily basis. Hence, it is difficult to arrive at an allocation coefficient explicitly as the subjective component plays a crucial role in decision making. Hence, the present work suggests a different perspective for arriving at the allocation coefficient using a 'subjective-objective' approach which differs from previous works in the following ways:
(a) It proposes to estimate the WFP for hydropower on a real time basis so that pricing of electricity (and water supply) can be 'dynamically' fixed rather than the currently prevalent approach of a fixed unit cost as practised in most of the countries based on the utility of the resources (in this case electricity/water supply). Since the ultimate objective of WFP studies is to chalk out policies for preserving freshwater resources, a dynamic pricing system will ensure that stakeholders value the freshwater resources and use them judiciously.
(b) In order to accomplish (a) above, the allocation coefficient for hydropower should be based on the actual production of hydropower on a real time basis. Similarly, the allocation coefficient for water supply should be based on the actual water release on a real time basis (the 'objective component' proposed in this study). (c) For smaller hydropower plants, it is quite possible that electricity production might not be regularly done during certain periods of a year. Such situations might arise due to natural factors (such as lack of sufficient rain) or operational factors (such as reservoir operators preferring water supply release to power production under limiting conditions of water availability). It is necessary, therefore, that the WFP estimation takes into account the real time operation of the reservoir system. The decision of the decision-making authorities in giving priority to water supply release or to power production will affect the footprint of these two services in a dynamic way (the subjective component proposed in this study).
In order to best highlight the merits of the proposed method, the case study considered is a small hydropower plant (capacity 6 MW) attached to a moderately big reservoir created by Vaigai Dam, India. This dam is a multipurpose dam. The topography effect created by the dam is such that it forms a substantially large reservoir leading to large evaporation losses. It has a maximum water level of 21.64 m and catchment area of 2,255.13 km 2 . Since the proposed method involves a 'subjective component', it is necessary to provide an easy and viable environment for its implementation. The study recommends use of LabVIEW for implementation and illustrates only the conceptual theme of LabVIEW implementation without going into the actual implementation process (which is outside the scope of the present study).
The next section describes the salient features of Vaigai Dam/Reservoir. Then, a detailed discussion on the proposed 'subjective-objective approach' is presented which is followed by a discussion on its implementation in the case study dam/reservoir. Finally, the proposed methodology is illustrated using LabVIEW before drawing conclusions from the study.
Study area and data collection
The Vaigai Dam is built across the river near Andipatti, in the Theni district of Tamil Nadu. It is a multipurpose dam which provides water for irrigation as well as for drinking to Madurai and Andipatti. It is located at latitude of 9°32 0 N and longitude of 77°23 0 E. It consists of a central masonry core (300 m length) with an earthen portion on both the left side (500 m) and right side (2,700 m) of it. The height of the dam is about 33.83 m with a maximum water storage level at 21.64 m. The water from Vaigai Reservoir is used primarily for drinking and for generation of hydropower with an installed capacity of 6 MW. Eleven years' data from 1997 to 2007 consist of temperature, humidity, wind speed, sunshine, water level details, rainfall, power generation, and the gallery seepage obtained from Public Works Department (PWD), Madurai. Being a semi-arid region, rainfall events are scarce.
Methodology
The methodology adopted is illustrated in the flowchart ( Figure 1 ) and is discussed in brief below.
Estimation of evaporation loss
From the available meteorological data, estimation of WFP is carried out by the method proposed by Hoekstra et al. (2011) :
where WL net is evaporation loss in mm/day and PG is the power generation per day. Gross evaporation from the Vaigai Reservoir is estimated using the Penman-Monteith equation. This equation is a combination of energy budget and mass transfer approach:
where A ¼ slope of saturation vapour pressure versus temperature curve at mean air temperature in Hg/°C; H n ¼ net radiation in mm of evaporable water/day; E a ¼ parameter including wind velocity and saturation deficit; γ ¼ psychometric constant (0.49 mm of Hg/°C). The value of H n can be calculated by:
where a ¼ a constant depending upon the latitude ø and is given as a ¼ 0.29 cos ø; b ¼ a constant (0.52); n ¼ actual value of bright sunshine in hours; N ¼ maximum possible hours of bright sunshine; r ¼ reflection coefficient (water surface ¼ 0.05); e a ¼ actual vapour pressure in mm of Hg; T a ¼ mean air temperature in degrees kelvin ¼ 273 þ°C; σ ¼ Stefan-Boltzman constant ¼ 2.07 Â 10 -9 mm/day. The value of E a can be calculated by:
where U 2 ¼ mean wind velocity in km/day; e w ¼ saturation vapour pressure in mm of Hg. The net evaporation loss (as adopted in this study) is estimated from the gross evaporation loss in Equation (2) above as follows: Net effective evaporation loss in mm/day takes into account the evaporation losses prior to hydropower plant construction. Based on the preliminary investigation of the site area, it is assumed that prior to the construction of the dam, evaporation has taken place only through the water surface of the river, and the river width is assumed to be constant at 214 m. The river area is subtracted from the reservoir area to obtain the net area (A net ), and the net effective evaporation (WL net ) loss is calculated as:
The conceptual framework for WFP -the objective component
The method adopted by is a very simple method wherein WFP is defined as the ratio of the total volume of water loss to the annual power consumption expressed in mm 3 /MWh. The total loss has been mostly taken as that due to evaporation. Annual power consumption (MWh) is obtained by the product of gross energy generation and running hours of the turbines.
As observed by Bakken et al. (2013) , this method is highly biased, particularly when it comes to small hydropower plant linked to a large reservoir. It might be more appropriate to attribute some percentage of evaporation loss to the hydropower generation than the total evaporation from the reservoir. Considering this, a two pronged subjective-objective approach is suggested here.
The first estimate of WFP is made by giving weight to evaporation losses proportional to the water use for a given purpose (objective approach). The monthly values of power generation and the downstream release are normalized in the range of 0-1. If the normalized value of power generation for a given month is p i and that for downstream release of water is q i , then the evaporation loss attributed to power generation can be estimated as:
where WL p is the evaporation loss attributed to power generation and WL net is the net evaporation as estimated using Equation (5). The initial WFP is then obtained by replacing the WL p for the evaporation loss term in the conventional approach .
The conceptual framework for WFP -the subjective component
The initial WFP as estimated using the objective component will invariably have very high estimates of WFP when there is small or no power production. Therefore, it is suggested that the WFP obtained using the objective approach be refined considering the real time reservoir operation conditions as well as the experiences/views of the decision-making, authorities (which brings in the subjective part). Generally, reservoirs are operated under different operating conditions, the identification of which is required to refine the WFP obtained from an objective approach. In this study, a Kohonen neural network is used for identifying and classifying the reservoir operation conditions.
LabVIEW platform
The proposed subjective-objective approach can be implemented using LabVIEW. LabVIEW (Laboratory Virtual Instrument Engineering Workbench) is a data flow graphical programming language (Duffy et al., 2010) . Execution is determined by the structure of a graphical block diagram on which the programmer connects different function-nodes by drawing wires. Personal Computer (PC) running LabVIEW programs, data acquisition card (myRIO National Instruments -an embedded hardware device that is used to design real, complex engineering systems more quickly and affordably) is the heart of the hardware set-up. The hardware set-up also consists of sensors for measuring the rainfall, water level and storage volume of the reservoir. The sensors can be connected to National Instruments myRIO board which in turn is connected to the computer system in which LabVIEW is installed (Figure 2 ).
Result and discussion
The proposed methodology is applied to the case study on Vaigai Dam and the results are discussed under various sections as below. Table 1 shows net evaporation loss values for all the months during the entire study period. On average, the maximum net evaporation is seen during the month of July. As mentioned earlier, the net evaporation losses are estimated by subtracting the assumed river area (before dam construction) from the reservoir area and as such it is expected that some of the values may be much less, including negative values. All such values are represented as '0' in Table 1 .
Evaporation losses
Initial WFP -objective approach Table 2 shows the estimation of initial WFP using the objective approach for two years (1997 and 1998). The power generation during January 1997 is 986.73 MWh and has a WFP value of 438.3 mm 3 /MWh, while a power generation of a mere 3.86 MWh during August 1997 has an associated WFP as high as 6,881.4 mm 3 /MWh. Although the power generation in September 1997 is marginally lower than that during August 1997, the associated WFP is greater by almost 2.5 times. A comparison with the conventional method proposed by Hoekstra et al. (2011) indicates that although the proposed objective approach significantly improves the WFP estimate (Table 6) , it needs further refinement. The UNDEF entries in the WFP column in Table 2 indicate that during the months of no power production, the WFP cannot be estimated using Equation (6). These values will also be refined using the subjective approach.
Final WFP -subjective approach
As a first step in implementing the subjective approach, the reservoir operation conditions are to be identified and classified into different categories based on power generation, water level in reservoir, downstream release and rainfall. For instance, as seen from Table 2 , in the year 1997, power generation varies widely with no or minimal power generations during the months of March to September, to very high power generations during the months of November and December. From March 1997 to August 1997, the reservoir water level is low (practically only dead storage) and as such the high rainfall during this period is utilized to build reservoir storage resulting in no power production or downstream release. During the period from November 1997 to February 1998, this storage is used for power production and downstream release even though rainfall is less. It is to be noted that not all scenarios of high storage will contribute to power generation and downstream release. For instance, for the months August 1998 to November 1998, the power generation is found to be very high (owing to high reservoir storage), but the contribution of this storage towards downstream release is relatively less. This is probably because, owing to high rainfall during this period, the rise in ground water level would have taken care of the drinking needs and the government officials may have decided to compromise on downstream release. In such cases, it is natural that the WFP associated with power generation must be more. This brings in the issue of subjectivity. In this study, the reservoir operating conditions during the study period have been classified into seven categories as listed in Table 3 . The fuzzy classification adopted in this study for the various parameters is shown in Table 4 . Kohenen neural network is used to arrive at the seven distinct categories based on trial-error approach. The first category refers to an operating condition when the rainfall is high with a high water level in the reservoir leading to high power generation and high downstream release. Category IV is one of the typical cases of reservoir operation wherein even with medium rainfall and a high storage level, the decision taken is lower power generation and lower downstream release. Category V is seen to have a medium level of power generation with a medium level of reservoir storage and rainfall. It is to be noted that the number of categories might change for different reservoirs based on the decision taken by the decision-making authorities. For the present case study, it can be summarized that the authorities preferred higher power generation whenever the reservoir storage levels and rainfall were high. A typical set of thumb rules (Table 5) has been proposed to refine the initial WFP obtained from the objective approach. For instance, the first thumb rule indicates that when the power generation in a given month is low, reservoir release is low and the water level is also low, the WFP can be considered as 'nil', if the decision-making authorities decide so. The authorities might alternatively decide to assign a very low WFP for power generation if that is being given higher priority when a low reservoir level is prevailing. This is obvious because under very low water level conditions, it is not a reasonable decision to penalize the power production utility with a high WFP.
However, for the low values of power generation and water release, if the storage level is found to be high (second thumb rule), the recommendations can vary according to the power generations in future months/next month. This is because if the high storage is not utilized in the current month, the only purpose of building the storage will be for accounting for the future months. If the power generation in the future/next month is low or 'nil', the WFP for the current month is estimated with half the Very low: ,7 L o w : 9 -11 Low: ,60 Low: 100-400
Very low: ,9 Very low: 0-100 Table 5 . Thumb rules adopted for refining initial WFP.
Reservoir conditions
Proposed WFP estimation PG is low, Q is low and WL is low WFP ¼ 0 PG is low, Q is low and WL is high (a) WFP estimated with half of evaporation loss in Equation (6), if future months have no/low PG (b) WFP is estimated based on virtual power of half the next month PG PG is medium, Q is low and WL is medium/high Increase initial WFP by 15% PG is high, Q is low and WL is high Increase WFP by 30% evaporation loss for that month; and if power generation in future months is substantial, it is natural that the high storage build in the current month has contributed to such a power generation and, as such, for the current month, WFP can be estimated with a virtual power of half the power generation in the next/ future month. The exact decision on how much penalty is to be given to the power generation service is to be decided only by the decision-making authorities. Similarly, when the power generation is medium or high, but with low water release and high/medium water level (third and fourth thumb rules), the initial WFP can be increased by either 15 or 30% as the case may be. This is natural because as the stored water is primarily used for power generation and lesser priority is given for downstream release, the initial WFP needs to be refined to a higher value. The exact percentage of refinement needs to be decided by the concerned authorities. Table 6 shows the WFP for 1997 and 1998 after including the subjective analysis. It has to be noted that although subjective in nature, it has to be arrived at based on the experience and recommendations of the decision-making authorities. Such a subjective component is necessary in arriving at a more meaningful estimate of the WFP associated with small hydropower plants connected to a multipurpose reservoir. The final WFP for the study period is shown in Figure 3 . There is an apparent non-significant WFP between 2001 and 2006. This is because as per the thumb rules recommended for this study (first thumb rule), the WFP is set to zero when the operating conditions are such that power generation is low, discharge is low and storage is low. As observed by Bakken et al. (2013) , in the estimation of WFP, the setting of temporal boundaries is very important. WFP studies should be reported along with the time period from which they are calculated. Although most of the studies concerning WFP deal with annual data, some studies reported WFP on a monthly basis (Zeng et al., 2012) . Table 7 shows the estimation of annual WFP for the entire study period. As noted from the table, the local variations due to the absence of, or due to very low, power generations have been averaged out and might not communicate the actual WFP.
A comparison is also shown with the method proposed by Hoekstra et al. (2011) and the proposed method by replacing the periods of '0' power generation with the minimum power generation of 0.068 MWh in order to avoid the physically indescribable condition of division by zero. The estimation of WFP by the proposed method seems more meaningful and logical.
LabVIEW platform
In this study, a simplistic model is suggested with manual input of the required information to assess the initial and final WFP. The front-end panel is shown is Figure 4 which can be accessed externally on another computer system or even a mobile phone, which can help the authorities to take decisions from remote locations. The back-end is shown in Figure 5 . As mentioned earlier, the actual implementation is beyond the scope of the present study. 
Conclusions
In view of the objection raised towards the simplistic approach currently being followed for the estimation of WFP for hydropower generation, in this work, a different perspective for 'allocation coefficient' is proposed for real time estimation of WFP for hydropower. This concept (with its implementation on the LabVIEW platform) can be used as guidelines by the policy makers to arrive at dynamic pricing for the electricity consumption based on the footprint values. The thumb rules prescribed are subjected to subjective inputs specific to the site conditions and reservoir operation conditions. It is very difficult to otherwise assign meaningful WFP values for low power generation scenarios. It is also seen that the temporal resolution adopted for WFP plays a very crucial role and, as such, WFP should be always reported along with the temporal resolution adopted.
